We point out that the ratio of W + W − → W + W − and W + W − → ZZ cross sections is a sensitive probe of the dynamics of electroweak symmetry breaking, in the CM energy region √ s ww > ∼ 1 TeV where vector boson scattering may well become strong.
I. Introduction
The mechanism of electroweak symmetry breaking (EWSB) is the foremost open question in particle physics today. One direct approach to this question is to search for Higgs bosons [1] .
A complementary approach is to study the scattering of pairs of longitudinally polarized weak bosons [2, 3, 4] W L (where and henceforth, W generically denotes W ± and Z unless specified otherwise), since at high energies they recall their origins as Goldstone bosons and reflect the EWSB dynamics, thanks to an equivalence theorem [5] . parameterize this strong scattering, to impose the constraints of unitarity and crossing, and to characterize different EWSB possibilities [2, 3, 4] .
In the present paper we first point out that the cross section ratio σ(
is a sensitive probe of the SEWS, since different models predict very different ratios. We then suggest ways in which this ratio may be extracted from a "Next e + e − Linear Collider" (NLC) with the CM energy √ s = 1.5 TeV through the W + W − fusion processes [6, 7, 8, 9] e + e − →ννW + W − ,ννZZ .
In studies of strong W W scattering at hadron colliders, it is necessary for identification to use leptonic W ± , Z decays, which have the disadvantages of an invisible neutrino and/or small branching fractions. At e + e − colliders we are able to exploit the hadronic decays, which have the advantages of large branching fractions and reconstructibility. Here we rely on W ± , Z → jj hadronic decays, with sufficient dijet mass resolution to provide statistical discrimination between W + W − and ZZ final states. We suggest cuts to minimize the principal backgrounds from transverse W -pair production that are intrinsic in Eq. (1) , and also come from 
where the final-state electrons escape undetected along the beam-pipe, as well as from the annihilation channel [10] e + e − → ZW
We discuss the prospects for discriminating between W + W − , W ± Z and ZZ final states and make illustrative calculations to show what may be learned from experiments.
The process e − e − → ννW − W − is unique to explore the weak "isospin" I = 2 nonresonant channel [3, 11] . We therefore include a comparison of results at both e + e − and e − e − colliders. We also show the improvements that would come from using polarized electron beams, in both e + e − and e − e − cases.
The SEWS effects become significantly larger as energy increases. We therefore demonstrate the enhancement of the signal rate at a 2 TeV e + e − collider and possible µ + µ − circular colliders with larger CM energies [12] .
The paper is organized as follows: Section II presents the models to be compared. Section III discusses the question of dijet mass resolution. Section IV describes our methods of calculation and the motivation for our choices of acceptance cuts. Results are presented and discussed in the final two sections. We conclude that at a 1. 
L due to EWSB interactions is the same as the scattering of the corresponding Goldstone bosons [5] and can be parametrized by an amplitude A(s, t, u) as follows:
where
We recall that the amplitudes T (I) for total isospin I, which should obey unitarity, are then given by
Unitarity may be monitored through the partial wave amplitudes a
with
Various models for these scattering amplitudes have been suggested [2, 3, 4] . We shall concentrate on models resulting from effective chiral Lagrangians, with and without resonances, as follows.
(a) SM Heavy Higgs Model
The Equivalence Theorem [5] gives the amplitude
where m H and Γ H are the Higgs boson mass and width, v = 246 GeV is the usual vacuum expectation value, and θ(s) = 1 (0) for s > 0 (s < 0). In all models, A(t, s, u) and A(u, t, s)
are obtained by permuting s, t, u.
(b) Low-Energy Theorem (LET) Model [13] This simply extrapolates the amplitudes, prescribed at low energy in terms of v
and is the m H → ∞ limit of Eq. (13) . This model eventually violates unitarity; e.g. a scarcely approach these non-unitary ranges. However, at higher energies we can unitarize the amplitudes by a cut-off or by the K-matrix prescription
which enforces the elastic unitarity condition |2a
(c) Chirally-Coupled Scalar (CCS) Model [4] This model describes the low-energy behaviour of a technicolor-type model [14] with a techni-sigma scalar resonance, through the amplitude
where M S is the scalar resonance mass and Γ S = 3g (d) Chirally-Coupled Vector (CCV) Model [4, 15] This model describes the low-energy behaviour of a technicolor-type model [14] with a techni-rho vector resonance V , through the amplitude
, (17) where M V and Γ V are the vector resonance mass and width while a = 192πv
We choose the case M V = 1.0 TeV with Γ V = 30 GeV. Note that the cross section for vector resonance production increases as the width Γ V becomes larger. The choice of a rather narrow width in our study is motivated from LEP-I constraints via the Z − V mixing [16] .
In our signal calculations, we will concentrate on the processes of Eq. (1) 
On the other hand, if the resonances are far from our reach, then the LET amplitudes 
III. Dijet mass resolution
We consider W ± and Z bosons detected by their dijet decay modes and identified via the dijet
With realistic mass resolution, discrimination cannot be made event-by-event but can be achieved on a statistical basis.
The experimental W dijet mass distributions will contain the intrinsic decay widths folded with experimental resolution factors depending on calorimetry and geometry. We have explored the possible dijet mass resolution using two alternative jet energy resolution algorithms [18] 
in GeV units, where the symbol ⊕ means adding in quadrature. We applied this to the typical SM background process e + e − → e + νW − Z at √ s = 1.5 TeV, averaging over all final W → jj dijet decays with gaussian smearing of jet energies according to these algorithms;
the resulting W ± → jj and Z → jj dijet invariant mass distributions are shown in Fig. 1 .
Since this study omits angular resolution effects, sensitive to details of detector design, we shall adopt the more conservative algorithm A for further illustrations.
If we now identify dijets having measured mass in the intervals
as W ± → jj and Z → jj, respectively, algorithm A indicates that true
ZZ → jjjj events will be interpreted statistically as follows: 
A final caveat: the numbers above refer strictly to light-quark jets. In b-and c-quark jets there is an appreciable probability of b → cℓν and/or c → sℓν (ℓ = e, µ or τ ) semileptonic decays, where neutrinos deplete the visible jet energy. Thus more Z → jj dijets will be interpreted as W ± → jj, but not vice versa. We have modeled this effect in typical situations
with Scenario A and find that the correction to the W ± → jj results is rather small.
However, about 8% more W ± Z events are now identified as W + W − (increasing this source of background); also about 10% more ZZ events are now identified as W ± Z (increasing this loss of signal). These changes are significant but not disastrous. The resulting modified identification probabilities are as follows:
and we will use these numbers in the rest of our analyses.
When the dijet mass resolution function is known, for a given detector, the apparent
and ZZ rates can be unfolded to determine approximately the underlying true rates. In the following, we first concentrate our attention on these true rates, and then use the examples above to estimate resolution effects.
IV. SM calculations and acceptance cuts
The 
where the W boson energies E W are defined in the e + e − CM frame and √ s is the CM energy of the e + e − collider. The recoil-mass spectrum of the annihilation Eq. (3) peaks at M Z , due to the Z → νν decay, but this peak is smeared out by the contributions of initial-state radiation as well as the mismeasurement of the W hadronic energies. A cut such as
therefore effectively suppresses the annihilation background. 
The solid curves in Fig. 4 show the resulting cross sections at √ s = 1. to remove a lot of background at little cost to the signal; we make somewhat similar cuts for p T (ZZ) , though these are less crucial. Specifically we require 50 GeV < p T (W W ) < 300 GeV, 20 GeV < p T (ZZ) < 300 GeV,
at √ s = 1.5 TeV. With large minimum p T (W W ) and p T (ZZ) requirements, it becomes much less likely that the final-state electrons in eeW W and eνW Z background channels can escape undetected down the beam-pipes; a veto on visible hard electrons is now very effective against eeW W (less so against eνW Z). We therefore impose the veto [7] no e ± with E e > 50 GeV and | cos θ e | < cos(0.15 rad) Table I energies reached so that no unitarization needs to be imposed [19] . For the chirally coupled scalar (CCS) and chirally coupled vector (CCV) models, the signals are calculated in the In Fig. 7 we present the expected signal and background event rates versus diboson mass for different models at a 1.5 TeV NLC, assuming an integrated luminosity of 200 fb −1 .
V. Results
The branching fractions BR(W → jj) = 67.8% and BR(Z → jj) = 69.9% [20] and the W ± /Z identification/misidentification factors (final set of Section III) are all included here.
Comparing the W + W − events (Fig. 7a ) and ZZ events (Fig. 7b) Table II and Table III . Since the SEWS signals increase with CM energy, a 2 TeV e + e − linear collider would give a larger signal rate. We find (see Fig. 3 ) that at √ s = 2 TeV the m H = 1 TeV and (a) SM Backgrounds Cross sections in fb with Eqs. (21)- (24) e 
and for ZZ,
The signal rates are enhanced by about a factor ∼ 2-2.5 by increasing the CM energy from 1.5 to 2 TeV (compared with the first numerical column in Table I ).
It may be more advantageous to study the SEWS at possible higher energy µ + µ − colliders [12] . To demonstrate this point, Fig. 8 we do not pursue this question any further here [22] .
Finally we note that our calculated cross sections and event rates neglect bremsstrahlung and beamstrahlung initial state radiation, which somewhat reduce the effective CM energy and with it the signal and principal backgrounds. Colliders are usually designed to minimize beamstrahlung. The net corrections are expected to be small and our general conclusions are not affected.
VI. Summary and Discussion
Our main results are summarized in Fig. 7 and Tables II-III for Our approach is based on W + W − , ZZ → (jj)(jj) four-jet signals, and therefore relies on good dijet mass resolution. Our simulations included energy resolution but not angular resolution, being conservative about the former to compensate for our neglect of the latter;
we also folded in the effects of finite W and Z widths and of semileptonic decays in b-and cquark jets. We therefore believe that our final W ± /Z identification/misidentification factors are not unrealistic.
For an e − e − collider with the same energy and luminosity, the LET signal rate for the Fig. 3 ). However, the presence of an I = 1 vector state would greatly enhance the cross section for e + e − → e ± νW ∓ Z [25] . Our optimal kinematical cuts and the M(jj) reconstruction should be essentially applicable to the W Z channel and a wider study including this channel would provide consistency checks on SEWS effects.
(e) The LET amplitudes we employed correspond to the lowest order universal term in the energy expansion in effective chiral Lagrangians [26] . The magnitude and sign of coefficients of higher dimension operators (the so-called anomalous couplings) in the Lagrangians would depend on specific SEWS models. In the clean environment at the NLC, one may be able to measure the shape as well as the normalization of the W W mass distribution rather well.
If this can be achieved, one may even hope to study the non-resonance amplitudes in detail to go beyond the LET term and to extract the underlying dynamics at higher mass scales beyond O(1 TeV).
(f) Finally, in studying a scalar or a vector resonance, we have followed the simplest approach of assuming just one resonance at a time. It has been emphasized recently [27] that there may coexist several resonances (as in low energy QCD), a scalar (σ-like), a vector (ρ-like), an axial vector (a 1 -like) and an isospin-singlet vector (ω-like), obeying some algebraic relations to satisfy the proper Regge behavior and certain sum rules of strong scattering [28] . There would be definite relations among the masses and couplings of these resonances, leading to cancellation and other predictions in the strong scattering amplitudes. This possibility deserves further scrutiny in studying SEWS effects at colliders. other curves denote backgrounds as in Fig. 4 . W ± , Z → jj branching fractions and W ± /Z identification/misidentification factors are not included. 
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